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Namely, the respective Raman intensities measured in the wave 
number region ranging from 300 em* to 700 cm* as shown in Figs. 6A 
and 6B of the original disclosure are clearly repr senting the te**™*™ 
the Raman spectra of a non doped silicon oxide film deposited by CVD 

using the nmlaoM organic silicon source. Because if the measured 
silicon oxide film had contained boron, the Raman spectra should have a 
peak at 670 cm* 1 (See Fig.S and table 3 of attached reference). And if the 
measured silicon oxide film had contained phosphorus, the Raman 
spectra should have a peak at 520 en* (See Fig.4 and table 4 of the same 
attached reference). As we can see no peak at 670 cm* or 
can conclude that the Raman spectra shown in Figs. 6A and 6B of the 
original disclosure correspond to the data obtained from pure silicon oxide 
film. 

Page 3, lines 32*36 of the original Specification state " it is 

difficult in the existing state to obtain high purity organic silicon source 
because of limitation in a material refining technique for the organic 
silicon source", indicating that present invention pertains to the high 
purity organic silicon source. As experts in the semiconductor 
technology can easily understand, the term ''niffljlOBeji means that the 
material does not contain shallow acceptor such as boron nor shallow 
donor such as phosphorus, which are electrically active in the 
semiconductor materials. It is common.that ifJEOS ^taans boron and 
phosphorus, it is called with acronym such as "BPTEOS" or doped 
TEOS", clearly distinguishing from "TEOS»(See column 4, hnes 81-38 in 
IgesLaL >• That is » the Wert* clearly understand that the term 
"TEOS" means non-doped TEOS. 

Although page 19, lines 30-36 state "... . oxidizing agent such as 
N 2 O O 2 or Oa is added may also be employed. In addition, the grooves 
6 may" be buried by the silicon oxide film in terms of CVD using as source 
material, organic silicon source, siHcon hydrogen compound such as SiB. 
or silicon chloride such as SiC1.4 alone" and page 28, hnes 11-18. state the 
organic silicon source into which oxidizing agent, for mstanc^N.. a O, 0.. 2 , 
or O a is added may also be used. In addition, in terms of CVD using 
organic silicon source, silicon hydrogen compound such as SiHU, or silicon 

chloride such as SiGU there is no disclosure that the boron and 

phosphorus are contained. 

Therefore the Examiner's contention that the original disclosure 
does not support the claim limitation of "a noniafifid organic silicon 

source" is clearly incorrect- 
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W cannot acce^^he Examiner's assertion that the^tam limitations 
of "not to include any nitride Hint' and "depositing oxide film diregti^on 
the thin thermal oxidation films" are not supported by original disclosure. 

Page 19, lines 22-26 state as follows* 

"Then, as shown in FIG. SB, an oxide film 7 is deposited using 
organic silicon source such as TEOS (SiCOC.aHs)^ after the substrate is 
rinsed. Prior to deposition of the oxide film 7, a thin thermal oxidation 
film or Si.s N.4 film may be grown." 

Although the term "dxrgsJlx" is not found in the original disclosure, 
it is evident that an oxide film 7 is directly deposited on the substrate 5 
as shown in Fig. 3B. In Fig.SB, there is no extra film between the oxide 
film 7 and the substrate 5. Since the original disclosure does not state 
that "a thin thermal oxidation film or Si.s N.4 film must be grown", we 
can optionally elect the embodiment in which the oxide film 7 is directly 
deposited on the substrate 5, instead of another embodiment in which the 
oxide fil TP 7 is deposited on the substrate 5 through the or Si.a N.4 film. 

Although the Examiner contends that the original specification does not 
support the term "narrower than 0.5 ,i m" this contention is incorrect since the 

grooves having the width narrower than 0.5 11 m are disclosed on page 19, lines 
10-14, on page 27, line 34 to page 28, line 4, which show the width of 0.3 n m. 
Figs. 5 and 9 disclose L/S=0.35/x m/0.35/x m, which means the width of the 
groove is 0.35// m. 

Page 6, line 6 to page 7, line 8, page 29, lines 25-35, and Fig. 11 show 
that defect density is reduced at an aspect ratio of less than 10. As page 19, line 
10-14 state depth of 1/zrn, the grooves can have a width of 0.1 & m to keep the 
aspect ratio of less than 10. 

Furthermore, Eq. (3) shown on page 7 prescribe the relation: 

I1A2 S 1.5 (3) 

where h is the width of groove and I2 is the width of the device region (SDG 
r gion) sandwiched by the grooves. Since, for example, page 11, lines 10-16 
state the width of the device region is 0.3// m, the width of groove must be less 
than or equal to 0.2 n tn to satisfy the Eq. (3). 

Therefore, it is evident that the original specification does support the 
term "narrower than 0.5 & m'\ 

As to the Claim Objection that the terms "insulating material" 
should be changed to - - insulating film - % we accept the amendment 
suggested by the Examiner in Claims 44 and 45. 
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»«?7i?^i^ ■ of b, "* h »S h -»"'*« * ,ass » hive been studied. The main peaks at 808 on"' 
and 7 0 em ' in utreous B a O, and vitreou, FA. respectively, are greatly SuLd in Wnaiy 
SXf; » £"* wbereas *P e< * « «« on"' due io Ge-O^C^Tbftiioo andi pea^l320 «P 
S? .i° r ° 1 wf 5"° B re,BBiB 8troB *- increaws in intensity with deereasirg ^i B c«Uadon. 

22T2i2f :YA ? ' aser at , -°*« Mm. «rong Stakes eniuions due to the O vibration have 
^ ^ c , K24 " d 141 h «P«»« » GeOj-SiO, fair 
? 3S3 SSS eB,i8Si0,,S W Ce -°-° C haW b«o ob«4f If I.75lK 



1. Introduction 

High-silica glasses containing GeC^. B,Q, and P 2 O a are well recognized as 
the most promising fiber materials for optical communication systems because 
of their low optical attenuation [1]. Infrared absorption spectra of doped fused 
silica were recently studied to find the attenuation limit in optica] fiber [2 3] 
and co investigate the glass structures of binary films [4-61. Few Raman 
spectroscopic studies have been made on doped fused ailiea, however, except 
for investigations concerning bond defects in the glasses [7,8], Raman spectro- 
scopic study will give additional structural data on doped silica glasses, 
because the Raman spectra of the dopants are less masked and overshadowed 
in the vidnity of 1 100 cm" 1 [7J than the infrared absorption spectra [61. 

Stimulated Raman scattering in silica fibers have recently aroused a great 
fo S b f C ^ Se Ught 18 contiguously tunable over a wide wavelength range 
S~ o * ***** lnc relive Raman scattering cross sections of vitreous 

V* $° a Pa °« ^ bri 4g^ w» v-GeOj, v^Oj and v-P,O a , respectively) 
are 5-10 tunes stronger than that of vitreous SiO, (abridged to v-SiO,) L131. 
The superior scattering strength f the three glasses suggests that they can be 
used in silica fibers as the materials for increasing the gain and tuning ranee of 
fiber Raman lasers 114]. —as 
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We rep rt the results f a study f the spontaneous Raman scattering 
spectra of binary Oe0 2 -SiO,, BjCVj-SiC^ and Pj0 5 -Si0 2 glass systems over 
the composition range 70-100 raol.% SiOj. Stimulated Raman spectra of 
binary high-silica glass fibers have also been studied. Structural information on 
the glasses has been obtained from their Raman spectra. The effects or the 
incorporation of GeO,. BjO, and P a Oj into Si0 2 on the Raman scattering cross 
sections of glass and fibers have also been clarified. 



2. Experimental 

2.1, Samples 

Binary high-silica glasses were prepared by the VAD techniques [IS], The 
SiCl 4 vapor mixed with GeCl 4 , POCl„ and BBr 3 vapor was Introduced into an 
oxyhydrogen flame. Synthesized porous glass rods were consolidated to bubble 
•free transparent glass rods in an electric furnace. As-grown glass rods' were 
typically of 2 cm in diameter and 10 cm long. The glass composition was 
determined by wet chemical analysis. The OH content of the synthesized glass 
was about 30 ppm. Glass specimens were cut from the rods, and all their 
hexagonal faces were polished. Non-doped fused silica specimens were pre- 
pared from rods of SuprasU W2, Heralux and VAD-synthesized glass. Glasses 
containing more than 20 mol.% P a O s were also prepared by conventional 
crucible methods. 

2.2. Measurement of Raman spectra 

Spontaneous Raman spectra were measured with a Coherent Radiation 
model-53 argon ion laser using approximately 2 W 5145 A radiation. Scattered 
light at right angles from a specimen was observed through a JASCO R-500 
double monochromator. The samples were positioned in the excitation beam 
with polished faces perpendicular to the optical plane formed by the excitation 
direction, and the direction in which the scattered radiation was collected. The 
light signal detected by an HTV R-649 photomultiplier, which was cooled at 
— 15°C, was processed by a data-processor and was amplified. The spectra 
were plotted on a recorder chart. All measurements were carried out at room 
temperature. 

Stimulated Raman emissions were measured by exciting binary high-silica 
fibers with a Nd:YAG laser with a peak power of SOO W. The Nd:YAG laser 
e milting 1.064 um radiation is acousto-optically mode-locked at 300 MHz and 
is simultaneously Q-switched at 1 kHz. The pumping light pulses were focused 
by a 20 X microscope bjective lens into a low-loss multimode fiber. Hie 
fabrication of the fibers has been reported in previous studies [15,16], The 
Ge0 2 -SiOj glass core fiber is 358 m long, and the refractive-index difference, 
A, between an 84 pm-diameter core and .pure silica cladding is 2.7ft. The 
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P a O s -SjOj glass core fiber is 794 m long, and the difference, &. between a 60 
/xza-diameier core and BjOj-doped silica cladding is \.2%. The output from the 
fibers was Sent through a near-infrared grating monochromator and was 
detected with a Ge:APD. Detected singles were viewable on a real-time 
oscilliscope. 



3. Resides ead discussions 

3. 1, Spontaneous Raman spectra 

3.1.1. Pun /used silica (S -glass) 

The Raman spectrum of S-glass is shown in fig. 1 . The spectrum was used as 
a reference for the binary high-silica glasses. The spectra from Suprasil W2 
(1 ppm OK content), Heralux (170 ppm OH content) and VAD-synthesized 
siljea (30 ppm OH content) were quite similar in the region of 200-2000 cm" '. 
Tetrshedral Si0 4 units, which constitute S-glass, have four normal vibrational 
modes [18]. The spectral components in fig. 1 correspond to those published in 
the literature (18-21], The bands at 440 cm"' and 485 cm' 1 are associated 
with the transverse optical (TO) mode and the longitudinal optical (LO) mode 
of Si-O-Si bond bending vibrations (v 4 ), respectively [20]. The band at 800 
on" 1 is associated with O — Si - O symmetric bond stretching vibration (v,). 
The bands at 1060 esT 1 , and 1200 cm"" 1 , are respectively associated with the 
TO mode, and LO mode, of the O-Si-O asymmetric bond stretching vibration 
(y 9 ). According to Bates ei al. [21], the Raman band observed at 604 cm" 1 is 
due to the electronic defect structure represented as Si + ...O" — Si. The weak 
bands at 900 em"' and 1600 cm' 1 can be attributed to the overtones and 
combination bands of the fundamental vibration (see table 1). 




isoo ' icbo 1111 

WAVENUMBER (em') 
Fij, 1, Raman spectrum of pure fused silica. 
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Table I 



Ramon asd infrared peak ia pure (used silica (s = Strang, m " medium, w — weak and v = very) 


Ramon 
(cm"') 


Infrared [18] 
ion" 1 ) 


Auignmeni [18-21] 


440*8 

485 vi 

605 m 

ROOt 

900 vw 
lOfiOw 
120OW 
1600 uv> 


440b 

810m 

1060 vs 
1180m 


» 4 (TO): Si-O-Si bond-bending vibration 
v 4 (L0): Si-O-Si bond-bending vibration 

s*...o--si 

»i! Si-O-Si bood-sirelching vibration 

a>.> 

»)(TO):5i-0-Si bsmtatrctchjng vibration 
»j(LO): Si-O-Si boad-jtreichlng vibration 
(2»i,»»-t-r 4 ) 



3. J. 2. Binary Ge0 2 Si0 2 glass (G'glasx) 

The Raman spectrum of G-glass containing 19 mol.% Ge0 2 is shown in 
fig. 2. Raman bands which are not found in S-glass arise at 425, 580, 67S, 880, 
1000 and 1100 cm' 1 . Two of the hands at 67S -and 1000 cm -1 have been 
reported by Walrafen et al [7]. 

Some of these bands can be assigned to the bands found in the Raman and 
IR spectra of pure v-GeOj [4,13,20] (see table 2). It is reported that pure 
v-GcOj comprises a random network of tetrahedral Ge0 4 units, they have four 
normal vibration modes like the tetrahedral SiO« units. Incorporation of Qeoj 
into fused silica increases the Raman scattering cross section remarkably near 
430 cm" 1 , as can be seen in fig. 2. A strong band at 425 cm -1 , which is IR 
inactivity [19], may be associated with bond-rocking motion: oxygen atoms 
move perpendicular to the Ge-O-Ge plains [22]. The band at 580 cm" 1 , 
which may correspond to an IR peak at 550 cm' 1 , is associated with the 
Ge-O-Ge symmetric bond stretching vibration (»,). The band at 800 cm" 1 is 
associated with the Ge-O-Ge asymmetric bond stretching vibration (v 3 )* 

The Raman bands at 67S era"' and at 1000 cm~', which were absent both 
in the. spectra of S-glass and pure v-GeO,. may be associated with the 
stretching vibration of the Ge-O-Si chain. This indicates that there is an 
interconnected structure of Gc0 4 -Si0 4 tctrahedra [4]. A new band found at 
1100 cm" 1 increases in intensity with increasing GeO, content. 

3. J. 3. Binary B,O s Si0 2 glass (B-glast) 

The Raman spectrum observed for B-glass containing 10 mol.S B a O, is 
shown in fig. 3. Raman bands due. to the introduction of BgOj appear at 430, 
670, 720. 800. 925. 1130 and 1360 em-' Two of the bands at 840 cm" 1 and 
1130 cm 1 have been reported by Walrafen et al. [7]. 

Some of the bands in fig. 3 correspond to the spectral components in the 
reported Raman [13,23] and IR [51 studies on pure v-BjO, (see table 3). 
According to the literature, pure v-Bj0 3 is thought to be a random netw rk of 
planar B0 3 units, The normal vibration frequencies of BO s units strongly 
resemble that of planar BF 3 molecules [24]. The strong band at 450 cm* 1 , 
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««> 500 
W&VEMJMB6II fern" 1 ) 
Fig. 2. Ramaa spsciroai or binary OeO,-SiO, glass containing 19 ne\.% GeO a . 

which could not be seen in IR spectra of binary B^-SiO* glasses [51. is 
Se1S ,e i^ he B -°- B u b ?n^ding vibrationOO: the aSSs mive in 
the B0 3 plane. The very weak band at 720 cm" which can be observed In the 
gla« containing BjO, as high as 20 mol.*, is associated with the B-O-B bond 
©ending vibration (,,): the atoms move perpendicularly to the BO, plane. The 
B-O-B symmetric bond stretching vibration (»,). which brings about the 
strongest line at 800 cm"' in the Raman spectra of pure v-BA [231, corre- 
sponds to no strong line in the Raman spectra of B-glass. TheVeduction of the 
symmemc component m the B-O-B bond stretching vibration may be attri- 
buted to the incorporation of B.O, into SiOj. The broad band at 1360 on" » is 
associated with the B-O-B asymmetric bond stretching vibration [231 
The Raman bands at 670 cm"' and 92S cm-', which are absent in the spectra 
of fused silica and pure v-BA, are respectively associated with the B-O-Si 
bond bending and bond stretching vibration [5]. 

The marked differences in the Raman spectra between v-BjQ, and B-glass 



Table 2 

Observed Rroan frequency in Ce0,-d O p«j ftued silica <s- strong. m«= mB dium. . 



Raeaati 

(em -1 ) 


Infrared [4] 
(em-') 


Assignment 


425 vs 
580 n 
675 s 
880 vw 
1000 w 
II 00 m 


SSDm 
675 w 
870 s 
1000s 


Ge-O* Gt bond-recking motion 

Ga-O-GeboBd-nnisU^B'vibraiiQn 
Ge-O-Si bond-siretchiag vibration 
» 3 : Ge-O-Ge bond-stretching vibration 
Ge-O- Si eond-sUetduaa vibration 
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1000 

WAvENUMBER (crff 1 ) 
Fig, 3. Raman spectrum of binary B^-SiO, glass containing 10 mol.% BjO,. 



namely the v 3 band shift and v, band intensity change, can be ascribed to the 
fact that planar B0 3 units in B-glass form a continuous network together with 
tetrahedral SiO d units, and slightly deform to reduce C 3v symmetry, 

3.1.4. Binary Pfi s Si0 2 glass (P -glass) 

The Raman spectra observed for P-gJass containing 14 mol.% and 30 mol.% 
P a O s are given as curves (a) and (b), respectively, in fig. 4. Raman bands due to 
the introduction of P a O, appear at 300, 420, 520, 710, 800, 1020, 1 145, 1200 
and 1320 cm"'. The measured frequency and intensity or the bands duo to 
P 2 0 9 molecules differ greatly from those in the Raman spectra of pure v-P a Q s 
reported by Galeener et al. [2S], but show some resemblance to those reported 
by Bobovich [26]. Galeener's sample of v-P 3 0 5 , which was prepared by 
condensing vapor, showed some aspects of the rhombohedral P 4 O 10 molecular 
structure. Since the band maximum frequencies of P-glass shown here have 
some resemblance to the IR absorption peaks of CVD-deposited binary 

Table 3 

Observed Raman frequency in B 2 0 3 -doped fused silica (s = nraag, IB "medium. w = weak. 
v= very) 



Raman 
(cm" 1 ) 


Infrared [5] 
(cm-') 


Assignment 


450 s 




*V B-O- B bond-bending vibration 


670 w 


670 m 


, B-O-Si bond-beodiflgvibrtiion 


720 vw 


720 w 


v a : g-O-B booci-henfiing vibration 


800 vw 




v\i B-O-B bond-stretching vibration 


923 m 


930 m 


B-O- 81 band-st retching vibration 


1130 vw 


1130 8 


1160w 


1360 v 8 


» 3 rB-0-B bofid-«iretch«zig vibraci n 



ft 
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Ppg-SiOj glass films [6], the phosphorus atoms may have a configuration of 
PO a tetrahadra. In the tetrahedral PO A units nly three of the oxygen atoms f 
bach unit bridge to neighboring units, while the fourth is double-bonded to the 
central phosphorus atom. 

The observed band could be assigned to vibration modes in the glass. The 
assignments listed in table 4 were suggested by comparing our data with the IR 
spectra or P«glass [6] and vibration modes of quasi-tetrahedral JTY 3 Z-type 
molecules having one double-bonded oxygen atom, such aa POFj molecules 
[23]. Based on the IR study [6], the 1320 era" 1 peak in fig. 4 is assigned to the 
P =i O bond. The Raman bands at 1200 cm" 1 and 800 cm^ 1 may be associated 
with the stretching vibration of F-O-P units. The 800 cm"* peak due to the 
P-O-P vibration is very weak in the Raman, spectra of P-glass, The Raman 
bands at 710 cm" 1 and S20 cm" 1 may be associated with bending vibration of 
0 = P-0 and O-P-O units, respectively: Incorporation of P a O s into SiO a 
greatly reduced the Raman peak corresponding to the 640 cm" 1 peak in 
v-P 2 0 3 , In P-glass containing smaller amount of P 2 O s > the Raman peak at 440 
cm' 1 seen in Kg. 1 shifts to 420 cm" L and boadens* A shoulder band appears 
near 300 cm" 1 [this can be seen in curve (a) in fig. 4]. A band was also 
observed at 1145 enr'. It may be associated with Si-O-P bond stretching 
vibration. 

AU the Raman spectra of P-glass indicate that P-gUss is made up of a 
random network of tetrahedral Si0 4 units and tetrahedral P0 4 units. 

3.2*5. Venation of scattering tntenxlties with composition 

Raman scattering cross sections of v-SiO a , v-GeOj, v-BjOj and v-P 2 O s have 
relative strengths of 1.0 (at 444 can" 1 ), 9.2 (at 420 cm" 1 ), 4,7 (at 808 cm" 1 ), 
and 5.7 and 3.S (at 640 cm" 1 and 1390 cm" 1 ), respectively [13]. It is interesting 



Fig. \ Raman spectrum of binary P a 0 5 -SiO a passes cosiaiaing (a) U mol.% P s O x and (fa) 30 



i 



bi 




— isr — — 

WAVENUMBER (enf 1 ) 
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Table 4 

Obierved Raman frequency in f^0»-d6ped fused silie* (& = lining, in — medium, w m u'Gak, 
v - veryi 



Roman 

tan"') 


Infrared [61 
(em' 1 ) 


Assiftnmeni 


300 w 






«20s 






520 m 


47J s 


► 6 ; 0- P- o bond-bending vibration 


710 m 


6S0 w 


»«: 0 — P — O band-bending vibration 


800 vw 


780 w 


P-O-Pbond-siretching vibration 


1020 w 


950 s 


v t : P-O-PboBd-sireichiog vibration 


114$ m 


1100 s 


P-O-SL baad-nKKhina vibration 


1200 m 


1150 s 


v s - P-O-P bond-it retching vibration 


1320 vs 


1320 01 


v x : P = O boad-sire letting vibration 



to examine whether these peaks also have strong cross sections in binary glass 
systems. The 800 cnT 1 peak of Si-O-Si bond stretching vibration was used as 
a standard for the relative Raman cross section of the binary high-silica 
glasses. 

Tbe 430 cm* 1 peak has the strongest cross section in G-glass. This peak 
may be caused by a superposition of the 440 cm~' peak of Si0 2 and the 425 
cnT* peak of Ge0 2 . The assumption that the two peaks contribute indepen- 
dently to the increase of the 430 cm" 1 peak intensity in proportion to mole 
concentration explains the G-glass cross section shown in fig, S well. In 
B-g)ass> however, incorporation of BjO^ into SiQa greatly reduces the 80S can" 1 
peak. No stronger peak due to molecular vibration was observed. 

Incorporation of Fj0 5 into SiO a greatly reduces the Raman peak corresponding 
to the 640 cnT 1 peak in v-P 3 O v The P = O band seen at 1320 cm -1 increases, 
on the other hand, in intensity proportional to P z O s concentration (this is 
shown in fig. 6). Extrapolation to 100% P 2 °i produces the result that agrees 
well with the relative intensity of 1390 cm" 1 peak reported by Galeener el al. 

With respect to the Raman lines of Ge-O-Si, B-O-Si and P-O-Si 
linkages in the binary glasses, all bands increase in intensity over the observed 
composition range with decreasing SiO s concentration. The relative Raman 
intensides for the main bands of each linkage are shown in fig. 7 as a function 
of composition. The Raman intensity of the linkages is. however, much smaller 
than the 440 cm" 1 peak in v-SiO^ 

3,2. Stimulated Raman scattering 

The large Raman cross sections for F-gla*s and G-glass suggest that the 
glasses should have a lower threshold level f stimulated Raman scattering, 
and exhibit str tig higher- rder Stokes emissi ns. 

A stimulated Raman scattering spectrum obtained fr m a multimode with a 
P a Oj-Si0 2 glass c re containing 25 xnol.% P 3 0 5 is shown in fig. 8. This 
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stfBo* 4 

r SiOj^cOenT 1 




Ff— -.- 

f ' ' 1 ■ ■ ■ -T- » 



. ■ SJDj-JJOj 1320 erf' 



123 




BO 100 



w 40 u 5 Eo °B — » r 46 1 if 

MOLV. G»0 2 f^O, 

rtf'JJ - ? ivB iate0,ily at ,he baod miaimum »hc 430 cm- ' band in G-glass (•) » a 
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particular P^-SiO, glass fiber has a loss of US dB/km at the 1.064 urn 
pump-laser wavelength and a loss well below 5 dB/km at 0.8 to 1.6 M m In 
fig. 8. the spectrum at the generated continuum shows the pump, the first and 
second Stokes shifts due to the P = 0 mode near 1.24 jim and 1.48 the 
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first Stokes shift due to ihe Si-O-Si mode near 1,12 pm (460 cm~ and the 
combinations of the two modes near 1.3 pm. The St kes shifts corresponds t 
the O stretching mode at 1320 cm' 1 . The spectrum in fig. 8 shows more 
clearly the influence of P 2 0 5 than the result previously reported by Qrigoryyants 
et al, [141. The present results confirm thai the addition of a fair amount pf 
P 3 0 5 to fused silica can greatly lower the threshold level of stimulated Raman 
scattering and generate strong Stokes emissions in the region above 1300 cm" 1 . 
Hie spectra obtained from a multimode fiber with a Ge0 2 -Si0 2 core contain- 
ing 27 mol.% GeOj is shown in Hg. 9. This fiber has a loss of 1.7 dB/km at 
1,064 /tin and a loss well below 2 dB/km at 1,0 to 1.7 pm, except for the loss 
peak due to OH absorption in the vicinity of \A jim. In fig. 9 the spectra of the 
generated continuum show the pump, the first four narrow-width Stokes shifts 
at 1.1 IS, 1.172, 1.235 and 1 JOS jtm, and the higher order Stokes shift out to 
1.8 jim. The Stokes shifts, which are in the region of 430-436 cm' 1 , suggest 
that these lines correspond to the vibration mode of Oe0 4 tetrahedre. This 
result also confirms that addition of OeO a to fused silica can greatly lower the 
threshold level of stimulated scattering 

It has been known for some time that a low threshold level for stimulated 
Raman scattering in optical fibers can be achieved with: (a) a small core cross 
section; (b) low transmission loss; and (c) high non-linear effect gain coeffi- 
cient [27], Application to a fiber Raman laser requires further; (d) a sharp 
emission pulse with a small distortion. A silica-based single»mode fiber is a 
preferred candidate in order to fulfill the above conditions [9-12]. It is 
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Fig. 8. Siibiiilatcd Raman st altering spectrum oomlned from a mulUmoac nocr «vjiti a 1^0^-5102 
glass core containing 25 mol.S P 2 0 3 . 

Fig. 9, Stimulated Raman scattering spectrum obtained from a multimode fiber with a GeOj -SiC 3 
glass core containing 27 mol.% GeO A . 
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strongly expected ihat single-mode fibers with a high-silica core containing a 
large amount of P 2 O s and GeOj are good candidates for fiber Raman lasers 
having a high gain over a wide spectral range. Other candidates could be a 
pure-GeOj core single-mode fiber, or a high GeO r and P a O s -content silica 
core multimode fiber with broad transmission bandwidth over the 1.0 to 2.0 
Jim region. 



4. Conclusions 

The Raman spectra of binary GeC^-SiOa, Bj0 3 -Si0 2 and PjOj-SiO^ glass 
systems have been systematically studied with reference to pure fused silica 
spectra. It is confirmed that the molecules in the glass network have such 
configurations as tetrahedral Si0 4 units, teirahedral GeO« units, planar BQ 3 
units, and tetrahedral P0 4 units in which one of the oxygen atoms is doubly 
bonded to the phosphorus atom. The addition of other components to fused 
silica is found to have remarkable effects on the Raman spectra, especially in 
P-glass and B-glass. Raman bands indicative of the bonding of SiO a and 
additional materials were observed; Ge-O-Si modes at 67S cm -1 and 1000 
cm" . B-O-Si modes at 670 cm -1 and 1000 cm"', and a P-O-Si mode at 
I 145 cm-', The main peaks at 808 cm*' and 710 cnT' in v-B^O, and v-P-O,, 
respectively, were greatly reduced in binary high-silica glasses, whereas a peak 
at 425 cm" 1 due to a Ge-O-Ge vibration and a peak at 1320 eoT 1 due to a 
P ■= O vibration remain strong, increasing in intensity with decreasing SiO, 
concentration. 

Stimulated Raman spectra have also been obtained from some of the 
samples in fiber form. The results proved that introduction of GeOj and P a O, 
into fused silica can increase fiber Raman laser gain. A low-loss single-mode 
fiber with high-silica core, containing a large amount of GeO, and P 2 Os is 
applicable to a fiber Raman laser for a high gain and wide tuning ranges. 

The authors would like to express their appreciation to N. Niizekj, H. 
Takata and N. Inagaki for continuous encouragement. They also thank 5. 
Takabashi and M. Kawachi for valuable discussions, and Y. Ohmori for 
supplying the binary P 2 O s - SiOj glass fiber. 
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